Abstract: bcation of the new Seattle Concert Hall, Benaroya Hall, directly over an existing railroad tunnel rcquird development of a very effective vibration and noise isolation system. me design process included measurement of the groundbome vibration and noise levels from trains, projection of the expected sound level in the perforrnanm space for comparison with the acceptability criteria and determination of the quird reduction frequency range and amount. me evaluation indicated that the design required two parts, a massive foundation mat for coupling 10SSand a wide frequency range isolation system with 4-5 Hz effective vertical natural frequency. Details of the isolation system design parameters and materials are presentd along with results from measurements with the compIeted isolation system and partially completed hall.
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TRODUCTION
Selection of a location directly over a railroad tunnel for Benaroya Hall resulted in the need to develop information on the expected noise and vibration in the main Auditorium without vibration isolation and to then determine the amount of noise and vibration rduction needd to achieve satisfactory levels. Because the train traffic in the tunnel below the Benaroya Hall Auditorium includes both AMTRAK passenger trains and Burlington Northern freight trains, the criteria of inaudibility with the HVAC system off and imperceptible vibration level indicated the need to develop a carefully designed and very effective vibration isolation system.
NOISE AND V~RATION LEVELS
To quantify the expeeted vibration and noise in the Concert Hall Auditorium without vibration isolation, measurements of the groundborne vibration from the trains were made at two boreholes on the site and in the basement of a building directly across the street and similarly oriented to the raikoad tunnel. The tri-axial borehole vibration measurements were at two deptis directly above the tunnel and at three depths about 20 ft (6 m) from the tunnel wall. The nearby building, the Newmark Building, has a basement parking area with reinforced concrete structure similar to that planned for the Concert Hall. Measurements of floor vertical vibration were made at tie lowest garage level at a location directly over the top of the tunnel and at about 25 ft (7.5 m) lateral from the tunnel wall. The analysis procedure consisted of statistically analyzing by 1/3 octave bands the rms vibration velocity level which recurred during the passby of each train. Since the interest was only the maximum levels which occur, the level exceeded 1YO of the time during each of the passbys was taken as the maximum level to be used for estimating the vibration and noise in the Concert Hall Auditorium. Figure 1 presents a composite result for the borehole and Newmark Building basement data showing that the maximum vibration is in the range of 25 Hz to 125 Hz. For the borehole analyses, the levels are the energy sum of the maximum vertical and horizonal vibration. For the Newmark Building the data are the maximum floor vertical vibration. A major conclusion from the vibration measurements is that the levels are sufficiently low that the vibration will not be perceptible in the Auditorium. Therefore, the primary requirement of the isolation system is reduction of audible noise.
PROJECTED NOISE~THE AUD~OR~M
In calculating the ex~ted noise in the Concert Hdl Auditorium, factors taken into account included the decoupling of the building from the ground due to the mass and stiffness of the foundation structure, the transmission of the groundbome vibration and noise up through the building structure to the Auditorium and the radiation of the structureborne noise in the Auditorium from the floor, walls and ceiling. The noise levels in the Concert Hall Auditorium were calculated using estimated sound absorption in tie spwe and estimated radiation efficiency of the floor, walls and ceiling, considering results from measurements in other halls. Figure 2 presents the projected range of noise levels in the Auditorium without vibration isolation and with a vibration isolation system having 4-5 Hz effative natural frequency in the vertical direction. Figure 2 also includes the threshold of hearing criterion for comparison. The analysis results indicated the rtd for a m~sive foundation to increase decoupling from the soil and a 4-5 Hz effmtive natural frequency isolation system of high efficiency which would provide isolation over a broad frequency range, from 25 Hz up to 400-500 Hz. Achieving this type of vibration isolation requires very soft or low acoustical impedance isolators coupled with very high mechanical impedance building structure both below and above the isolators.
ISOLA~ON DESIGN
For the Benaroya Hall Project it was determind that the most effective configuration acoustically and structurally was a "box within a box" design with the isolation bearings located at the top of the Garage structure, directly below tie Auditorium floor. An 8 fi (2.4 m) depth space was provided for the low stifiess robber isolation bearings and the heavy section concrete beams and floors above and below the bearings. The bearings are 44 Durometer natural rubber compounded to provide long life and low creep under compression load. Long term creep is less than 1,570 of initial deflection per dwade of time. Load stress is very low to aid in achieving long life. The vertical load bearings are 15" x 15" (380 mm x 380 mm) in plan x 7" (178 mm) thick, 4 layer laminated bearings with 1/2" (12 mm) deflection under the static dead load of the inner box structure. At each column, the support is 3 to 10 bearings, as required for the load. For lateral restraint, horizontal load bearings 21" x 2]" in plan x 6-1/2" thickness (530 mm x 530 mm x 162 m) are set in orthogonal pairs at each column to provide for control of lateral motion during seismic events with full restraint up to 0.75 g loading. The lateral bearings are all compression preloaded to a 1/2" (12 mm) deflection, corresponding to a load of about 0.75 g so that they remain in compression during any normal range of ground motion expected in Seattle.
PERFORMANCE MEASUREMENTS
To provide a preliminary evaluation of the isolation system, at a time when the basic concrete structure of the building was completed but before installation of finishes and furnishings, measurements were made of vibration from trains at several locations below and above the isolation bearings. For these measurements, a major percentage of the dead load was present, however, there were still many openings in the structure, both between the inner and outer box and to the outdoors, which caused background noise interference. Figure 3 presents typical measurement results showing the reduction achieved from the basement level to the s~cture above the isolation bearings and from the smcture just below the isolators to just above, Figure 3 dso indicates the design performance expatd for a 5 Hz natural frequency system. The data show that the effective vertical natural frequency of the isolation system is about 6 Hz for the loading present at the time of the measurements. The measured data follow the characteristics expated and indicate greater reduction than expectd for frequencies above about 50 Hz, the range that would be most audible. The background noise limited the ability to obtain valid data at frequencies higher than shown on Figure 3 and when the Hall is completed more complete performance evaluation will be possible. 
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